our conditions, the first leaf pair of wild-type 16ЊC-grown plants was radial at day 5 but had become flattened 257 South 1400 East Salt Lake City, Utah 84112 with differentiating trichomes by day 6 (Figure 1B gesting that bps1 apical defects were not simply due are regulated. Here, we show that BYPASS1 (BPS1), to abnormal water or nutrient uptake. To further assess an Arabidopsis gene of unknown function, is required bps1 root-shoot interactions, we produced graft chimeto prevent constitutive production of a root-derived ras between bps1 and the wild-type (Landsberg erecta).
tious roots by day 2 or 3, and leaf development appeared produced a phenotype identical to bps1-1, and this insertion mutant (bps1-2) failed to complement bps1-1.
to proceed normally (Figure 2). bps1 plants produced (mutant) adventitious roots by day 3 and showed tran-
We identified a nonsense mutation at Q219 in bps1-1 and verified the bps1-2 T-DNA insertion site at the 56 th sient partial rescue of leaf development (74%, n ϭ 27). To test whether the reinitiating (mutant) adventitious amino acid. We also obtained three additional nonsense alleles through the Arabidopsis Tilling Project [17]; bps1-3 roots were preventing a more-sustained rescue of bps1 leaf development, we repeatedly removed adventitious has a stop codon at W92, bps1-4 at W96, and bps1-5 at Q219 (identical to bps1-1 but a different ecotype). All roots. We quantified leaf vascular pattern as an index to leaf development, with branch point number being five bps1 alleles show identical 16ЊC, 22ЊC, and 29ЊC phenotypes (data not shown). We fully rescued the the most robust measure of leaf vascular complexity (Table 1) . Repeated root removal led to greater rescue bps1-2 mutant by transforming it with a genomic fragment containing At1g01550 ( Figure 3A ), confirming that of leaf development than the single root excision, and rescue extended to the third leaf (92%, n ϭ 56; Figure we had identified the correct gene. We could not detect bps1 RNA in the bps1-2 mutant, indicating that it is a null 2). To distinguish between root removal and repeated wounding, we excised bps1 root apices on the same allele ( Figure 3B ). This result, combined with the identical phenotypes of all five alleles, indicates that partial suprepeated schedule, and we observed no rescue. We also excised the bps1 root once, then repeatedly wounded pression of the bps1 phenotype by high-temperature growth (Figure 1) is not due to residual BYPASS1 activity. the hypocotyl stump (without removal of adventitious roots). This wounding control led to no increased rescue BPS1 encodes a putative 349 amino acid protein with no functionally characterized homologs. Related genes of leaf development relative to single root excision (Table 1; Figure 2 ). These data indicate that resumption of are found predominantly in plant genomes. The Arabidopsis genome contains five similar genes, which we leaf development required full removal of the bps1 root. In addition, because newly arising roots (i.e., above the call BPS2-BPS6. We detected BPS1 RNA in samples of all organs examined ( Figure 3C ), including leaves and graft junction or cut site) were sufficient to reinstate apical arrest, these data suggest that bps1 roots constiflowers. The functional relevance of BPS1 expression within the shoot is unknown because our root excision tutively produced a non-cell-autonomous signal that arrested apical development. data suggested that BPS1 in apical tissues is dispensable for normal leaf development. However, our analyTo test whether the bps1 root signal was sufficient to inhibit apical development, we characterized WT/bps1 ses have been limited to young seedlings, and we cannot exclude possible requirements for BPS1 within apical graft chimeras. These chimeras produced two flat leaves, but third and subsequent leaves failed to expand (Figure structures during later stages of development. Detailed root gene expression patterns were recently reported 2; 29%, n ϭ 62). In contrast, L. er plants in which roots were excised repeatedly produced four distinct leaves.
for Arabidopsis [18]. This study determined that BPS1 is expressed in all root cell types and all developmental These observations strongly suggest that the bps1 root produced a graft-transmissible signal that was sufficient stages assayed; however, expression within the differentiating cells (stage 3) was twice that of younger stages. to inhibit wild-type leaf expansion.
To identify the BYPASS1 gene, we mapped bps1 to The BPS1 expression profile clustered with a group of genes containing many kinases and transcription factors an interval at the top of chromosome one. A T-DNA insertion mutant of the candidate gene At1g01550 [16] proposed to possibly function in a signaling network. To begin characterizing the bps1 root-derived signal, To determine whether the root-derived signal affected apical tissues by specific targeting of early leaf developwe examined the bps1 mutants in the days after root excision. Within 24 hr, bps1 leaves had expanded, and ment (e.g., leaf polarity), we carried out temperature shift experiments. bps1 plants were grown at 29ЊC for 5 days by 48 hr bps1 mutants had produced broad, flat leaves with developing trichomes on their adaxial surface (Fig-(bps1 mutants have flattened leaf primordia by day 5) and then shifted to 16ЊC. If the bps1 signal specifically ure 4A). This rapid response suggested that the rootderived signal was labile and had to be continuously targeted early leaf development, we expected the first leaf pair to develop similarly to bps1 mutants grown supplied to the bps1 apex to maintain apical arrest. To further characterize the relationship between bps1 and known plant hormones, we grew bps1 and wildtype plants on growth media containing auxin, cytokinin, gibberellin, jasmonic acid, 1-amino-1-cyclopropanecarboxylic acid, brassinolide, or abscisic acid (ABA). These hormone-supplemented media did not evoke a bps1 phenocopy in the wild-type, nor did they suppress or enhance the phenotype of bps1 mutants. However, we did obtain partial rescue of bps1 leaf and root defects by growing them on medium containing fluridone (Figure 5A) .
Fluridone (FL) is an inhibitor of phytoene desaturase [28] , and bps1 aba2 double mutants showed leaf and primordia, GUS staining occurred in a single spot at root phenotypes that were indistinguishable from the the organ's distal end; by 7 days, GUS staining was bps1 single mutant ( Figure 5B ). These data indicate that observed in incipient leaf veins ( Figure 4B ). In wild-type the mobile signal is not ABA. roots, GUS staining occurred in the root meristem, and Surprisingly, the bps1 aba1 double mutants showed this pattern was unchanged between days 5 and 7. The an enhanced phenotype ( Figure 5C ). We do not attribute bps1 5 day GUS staining patterns were very similar to the enhancement to the loss of ABA because we saw the wild-type, but by day 7, the bps1 leaf still showed no enhancement in bps1 aba2 mutants. Alternatively, only the single distal spot of GUS staining, and the bps1 loss of ABA1 could either render plants more sensitive roots showed reduced and patchy GUS staining (root to the bps1 mobile signal, or, in combination with bps1, analyses also revealed aberrant root cortical-cell diviit could allow greater levels of the signal to be made. sions). One feature of the bps1 phenotype that has not been event. The loss of negative regulation in bps1 mutants would then result in constitutive production of the carotresolved is its temperature sensitivity ( Figure 1A) . One possibility is that a redundant activity is either more enoid derivative. A major difference between these models is that in efficient or present at higher levels at high temperatures. Alternatively, levels of the mobile root-derived signal one BPS1's primary function is regulatory, and in the other it is not. If BPS1 is an enzyme and the signal is could be affected by temperature. This possibility is supported by the root cut experiments, which indicated an accumulated precursor, its ability to be efficiently transported and its strong biological activity may simply that the signal is easily metabolized, and the enhanced phenotype of bps1 aba1 double mutants, which may be fortuitous. Thus, this might be analagous to the metabolic imbalances that lead to auxin accumulation in gluoccur as a result of elevated zeaxanthin levels.
ABA1 acts upstream of ABA2 and converts zeaxanthin
Models for the biological role of BPS1 need to account cosinolate biosynthetic mutants [31] [32] . Alternatively, if BPS1 is a negative regulator, then both the signal's mobilfor bps1 mutants producing a mobile signal capable of arresting growth. One possibility is that BPS1 is required ity and its potent activity may be of biological significance. In support of this second possibility, plants have to carry out a constitutive root-specific carotenoid-processing event; bps1 mutants would lack processing, long-distance signaling pathways whose components
are not yet known. For example, plant roots that receive possibly leading to precursor accumulation. This precursor, or a related compound, could be a mobile and highly a drought exposure produce an unknown (nonhydraulic) 
